INTRODUCTION
Preservation of nonmarine sediment in continent interiors is driven largely by basin subsidence. With sufficient sediment supply, streams tend to infill subsiding basins to maintain graded longitudinal profiles and produce successions that may be many kilometers thick. Volcanism is an additional influence wherein modest (hundreds of meters), long-term aggradation is caused by regrading of rivers inundated by large volumes of volcaniclastic debris (Smith 1987 (Smith , 1991 . Because volcanism and basin subsidence occur simultaneously in many tectonically active regions, it is desirable in a complete basin analysis to distinguish these two driving forces for sediment accumulation and preservation (sensu Blum and Törnqvist 2000) .
The relative roles of subsidence-driven and volcanism-driven sedimentation are the focus of controversy over the time of initiation of the Rio Grande rift in northern New Mexico (Fig. 1) . Extension in this area is traditionally viewed as beginning in the late Oligocene on the basis of (1) stratigraphic and subsurface data indicating basin-floor tilting in southern Colorado and (2) the inference that widespread basaltic volcanism beginning at 25-27 Ma heralded lithosphere extension (Lipman and Mehnert 1975; Lipman 1983; Baldridge et al. 1980; Chapin 1988; Brister and 1994; Chapin and Cather 1994) . Ingersoll et al. (1990) and Large and Ingersoll (1997) point out that very little is known about the extent of faulting and associated tilting of rift-basin-fill sediment during the late Oligocene and early Miocene and attribute the best-documented deformation, in close proximity to magmatic centers, to local strain associated with thermal weakening of the crust. Oligocene, primarily volcaniclastic, sedimentation in northern New Mexico clearly persisted beyond the rift boundaries (Figs. 1, 2) , further suggesting the lack of distinct rift-bounding faults at that time (Baltz 1978; Morgan and Golombek 1984) . Ingersoll et al. (1990) suggest that widespread Oligocene volcaniclastic-sediment aprons aggraded in response to volcanism in adjacent volcanic fields and are not indicative of rift-basin formation, which may not have begun until after 21 Ma (Large and Ingersoll 1997) . Baldridge et al. (1994) suggest that subsidence of the Abiquiu embayment (Figs. 1, 2), the focus of this study, occurred in the short interval between 10 Ma and 7 Ma following accumulation of 1.1 km of mostly volcaniclastic alluvium.
The objectives of this paper are to provide (1) a semiquantitative assessment of volcanism-driven aggradation and (2) to examine stratigraphic evidence for syndepositional basin subsidence in the southwestern Abiquiu embayment of the Rio Grande rift. The approaches and results of these two independent studies are reported separately and then integrated. This effort was undertaken not only to resolve controversy over the age of rift initiation in northern New Mexico but also to provide insights applicable to separating volcanic and tectonic-subsidence signals in other continental-interior basins.
GEOLOGIC SETTING
The Abiquiu embayment is a structurally shallow bench along the western margin of the Rio Grande rift in northern New Mexico (Fig. 1) . The embayment contains approximately 1.1-1.5 km of Oligocene and Miocene sedimentary and volcanic fill adjacent to the deeper east-tilted San Luis basin half graben and west-tilted Española basin half graben, each of which contain more than 5 km of basin fill (Fig. 1; Kelley 1978; Smith in press) . Basement-cored uplifts of the Late Cretaceous-early Tertiary Laramide orogeny form the Tusas Mountains and Sierra Nacimiento on the north and southwest sides of the embayment, respectively, and sedimentary fill of the embayment is concealed beneath the younger Jemez Mountains volcanic field to the south (Fig. 1) . Most of the western embayment margin exists as discrete faults separating Oligocene-Miocene strata from upper Paleozoic through lower Tertiary rocks of the Colorado Plateau (Fig. 1) . Erosional remnants of Oligocene and Miocene sedimentary rocks, locally capped by upper Miocene basalt flows, are found west of these faults, most notably at Cerro Pedernal (Figs. 1, 2) and in the northern Sierra Nacimiento. Basin-filling strata within the Abiquiu embayment thicken eastward across a series of steeply east-dipping normal faults (Kelley 1978; Baldridge et al. 1994) such that the oldest sediment is exposed only in the westernmost fault blocks (Figs. 1, 2; Kelley 1978) . Deformation of preTertiary rock along the Cañones fault and southwestward thickening of synLaramide strata of the El Rito Formation (Fig. 2) across the fault imply that this structure, and possibly intrabasinal faults, were west-vergent oblique-reverse faults during the Laramide deformation (Moore 2000) . Bedding attitudes in Oligo-Miocene rocks within the embayment are variable (Kelley 1978; May 1980) , but dips in sedimentary strata are mainly to the southwest within the western embayment study area ( Fig. 2 Kelley (1978) and Moore (2000) . The Cañones and Gonzalez faults mark the western margin of the Rio Grande rift. See Figure 1 for location of this map. 2000). Miocene (ϳ 10-7.6 Ma; Baldridge et al. 1994 ) basalt flows rest unconformably on top of the sedimentary basin fill and preserve northward depositional gradients away from the Jemez Mountains.
The Oligocene-lower Miocene sedimentary rocks in the Tusas Mountains and Abiquiu embayment are derived primarily from coeval volcanic fields to the north and northeast. In the study area, these volcaniclastic strata are as much as 450 m thick (Moore 2000) and form the upper member of the Abiquiu Formation ( Fig. 3 ; Vazzana and Ingersoll 1981; Ingersoll and Cavazza 1991) . The lower member of the Abiquiu Formation is a c. 30-125 m thick conglomerate derived almost entirely from Precambrian crystalline rock (Smith 1938; Vazzana 1980; Moore 2000) . The locally intervening Pedernal chert member consists of calcite-and chalcedonycemented ledges within mostly nonvolcaniclastic conglomerate restricted to westernmost outcrops of the Abiquiu Formation.
Within and north of the Tusas Mountains the lower member of the Abiquiu Formation is correlative with the Ritito Conglomerate and the upper member is correlative with the Los Pinos Formation (Barker 1958; Bingler 1968; Manley 1981; Fig. 3) . The Los Pinos Formation consists of the lower Esquibel Member, composed chiefly of intermediate-composition volcanic detritus, and the upper Cordito Member, which contains a greater abundance of alkali-rhyolite detritus (Barker 1958; Butler 1971; Manley 1981) . Esquibel Member volcaniclastic strata and the underlying Conejos Formation (30-35 Ma; Lipman and Mehnert 1975; (Fig. 3) are derived from the San Juan volcanic field, centered in southern Colorado. The Esquibel Member overlies 31.0-28.4 Ma dacitic and quartz latitic ignimbrites of the southeast caldera cluster (Fig. 1; Lipman 1975 Lipman et al. 1996; Manley 1981; Ingersoll and Cavazza 1991) . Cordito Member rhyolitic detritus is derived from the Latir volcanic field ( Fig. 1; Manley 1981; Ingersoll and Cavazza 1991) , now partly exposed in the Sangre de Cristo Mountains (Fig. 1) , which was active between 28.4 and 18 Ma (Lipman 1983; Ingersoll and Cavazza 1991; Bauer et al. 1999) , and contains the 25.1 Ma Amalia Tuff (new age data reported herein). The volcanic record of the Latir volcanic field following eruption of the Amalia Tuff comes mostly from dated sedimentary clasts (Ekas et al. 1984; Ingersoll and Cavazza 1991; Moore 2000) or is inferred from dated plutons because volcanic rocks were subsequently largely eroded from uplifted parts of the Latir field in the Sangre de Cristo Mountains or buried beneath younger fill of the San Luis Basin (Smith in press). Basalt flows with K-Ar ages mostly between 28 Ma and 17 Ma are found within the Los Pinos Formation and Ritito Conglomerate Mehnert 1975, 1979; Baldridge et al. 1980) . The Abiquiu and Los Pinos Formations are overlain by distinctly less tuffaceous, but still primarily volcaniclastic, strata of the Tesuque Formation and basalt from the Jemez Mountains (Fig. 3) .
Knowledge of the provenance of volcaniclastic strata in the Abiquiu embayment is critical in reconstructing Oligocene paleogeography. Smith (1938 ), and Ingersoll and Cavazza (1991 interpret a San Juan volcanic field source for the upper member of the Abiquiu Formation, whereas Bingler (1968) and Manley (1981) correlate these same strata to the Latir-derived Cordito Member. Smith (1995) corroborated the presence of Cordito-like rhyolitic detritus in the Abiquiu Formation while suggesting that a San Juan source remained possible for lower parts of the upper member. The San Juan volcanic field ignimbrites and volcaniclasticsediment apron are mostly or entirely restricted to the northeast side of the Tusas Mountains (Barker 1958; Bingler 1965 Bingler , 1968 Doney 1968; Muehlberger 1967 Muehlberger , 1968 Manley and Wobus 1982a, 1982b; Wobus and Manley 1982) , which apparently formed an Eocene-Oligocene topographic barrier that was not buried until deposition of the Cordito Member (Fig. 3) .
VOLCANISM-DRIVEN DEPOSITION?

Hypothesis
The highly tuffaceous nature of the upper Abiquiu Formation and Los Pinos Formation and the presence of ignimbrites within the Los Pinos Formation demonstrate deposition of these strata contemporaneously with explosive volcanism in the San Juan and Latir volcanic fields (Fig. 3) . These volcaniclastic strata are found beyond the Rio Grande rift basins (Figs. 1, 2) where they underlie the highest peaks (above 3300 m above sea level) of the Tusas Mountains (Muehlberger 1968) and Sierra Nacimiento (Timmer 1976) . It is reasonable to suggest, therefore, that deposition of these strata was, at least in part, independent of rift-basin subsidence and resulted directly from coeval volcanic activity.
We hypothesize that two mechanisms potentially link volcanism with sediment aggradation. First, volcanic activity in fluvial headwaters can cause upward adjustment of the longitudinal profiles of the draining streams (Fig. 4A) . Pyroclastic deposits provide large volumes of readily eroded, mostly sand-size debris to fluvial systems. Streams typically lack the capacity to transport all of this sediment, causing aggradation throughout whole drainage basins (Smith 1991) . Headwater elevations also increase as volcanic constructional topography is built upward. To some extent, this increase in headwater elevation is offset by fluvial incision. Overall landscape elevation does, however, increase and the filling of valleys by lava flows and ignimbrites can probably keep headwater reaches from achieving equilibrium during periods of high-volume extrusive activity. Second, growth of volcanic fields may cause flexural isostatic subsidence to accommodate flanking depositional aprons independently of true tectonic subsidence (Fig. 4B) . The formation of a flexural moat adjacent to the Hawaiian Islands (Menard 1964; Watts 1978) led Smith et al. (1989) and Smith and Landis (1995) to suggest that continental-margin arcs could form basins wider than the constructional volcanic platform, which will then accommodate flanking volcaniclastic-sediment aprons. This model of basin for- mation has not heretofore been examined for intracontinental volcanic fields.
Methods
The combined effects of increased sediment load and headwater elevation were evaluated by use of LONGPRO, a program that produces a twodimensional channel profile equilibrated to a variety of channel-hydraulics and sediment parameters (Slingerland et al. 1994, chapter 7) . The choice of input parameters is mostly arbitrary because detailed paleogeomorphic data are lacking. Nonetheless, we believe that order-of-magnitude estimates are reasonable and provide assessment of the validity of the hypothesis that increased load and headwater elevations raise stream profiles and cause aggradation. A 400-km-long stream profile is considered, even though the study area is Յ 150 km from the volcanic fields, in order to avoid influences of model boundaries and because sinuosity of the depositing streams is unknown. An initial equilibrium profile was generated for a channel with an average slope of 0.0017 and downstream water discharge of 10 m 3 /s, values that are comparable to high-order streams draining the volcanic fields today. Longitudinal profiles were calculated for sediment-mass-feed rates between 0.5 and 1.5 m 3 /s, Manning's-n of 0.04, and a median grain size of 1.0 mm (consistent with observations in the field ; Vazzana 1980; Moore 2000) . Time-varying discharge and non-point sources of sediment were not simulated. Changes in bed elevation at the various mass-feed rates represent accumulation space that is filled with sediment. Because LONG-PRO uses a backwater method to calculate profile elevations, the elevation is fixed at the downstream end at an arbitrary value of 1000 m. The modeled aggradation therefore decreases downstream, consistent with the general downstream decrease in syneruption aggradation in modern river valleys (Smith 1987 (Smith , 1991 . The resulting increase in headwater elevation simulates the expected effect of increasing constructional relief in the volcanic field.
Flexural subsidence attributable to growth of a volcanic field was evaluated by application of CONTIN, a two-dimensional, continuous-plate flexure simulator (Slingerland et al. 1994, chapter 2) . Simulated loads on the continuous plate represent all documented volcanic and vent-proximal sedimentary material in both volcanic fields (Steven et al. 1974; Lipman et al. 1996; Lipman and Reed 1989) and were adjusted upward to speculative initial heights to account for subsequent erosion (Fig. 5 ). Distally tapering, wedge-shaped volcaniclastic-sediment aprons were added adjacent to the simulated volcanic fields with thickness comparable to that preserved in the upper member of the Abiquiu Formation (Fig. 5 ). The inclusion of the volcaniclastic apron might be viewed as producing a circular argument when formulating the flexural-loading model as a means of testing whether or not the volcanic-field load can provide accommodation space for the sediment apron. Inclusion of the apron is, however, more realistic, because the flexural moat induced by the volcanic load is in all likelihood filled with sediment, which creates an additional load and increases the wavelength and amplitude of the overall flexural deflection. Rigidity values ranging from 10 22 to 10 24 Nm were chosen as being reasonable for a continental interior (cf. Jordan 1981) . It is unknown if Oligocene magmatism was associated with sufficiently widespread heating of the crust to justify using lower values of rigidity. Because lower values decrease the wavelength of the flexural depression, our model results can be interpreted as representing the maximum distance of the influence of volcanism to induce subsidence, and therefore the resulting deflections at the distance of interest are maxima. Load densities ranging from 2250 to 2700 kg/m 3 were used to approximate variable proportions of sedimentary and volcanic rocks in the load, respectively (cf. Ahrens 1995) . Variation of the density parameters by as much as 10% was found to have no significant effect on magnitude of deflection, regardless of rigidity. As with the stream-profile simulations, we acknowledge that the choices of flexure-model input parameters are speculative. Principal uncertainties include the uncertain thickness and density distribution of volcanic materials within the proximal volcanic fields, the uncertain thermal state and elastic thickness of the crust during the Oligocene, the uncertain effects of hidden loads in the upper mantle and crust associated with magmatism, or the validity of a continuous-plate assumption across a complexly faulted region. Nonetheless, we suggest that these uncertainties do not inhibit a first-order assessment of the hypothesis that hundreds of meters of preservation space can arguably be created at distances of 100-200 km from a volcanic field primarily by flexure beneath the accumulating volcanic pile, modified and enhanced by the sediment accumulating in the resulting depression.
Results
The hypothesis that volcanism-driven, rather than rift-subsidence-driven, aggradation accounts for the preserved thickness of the upper member of the Abiquiu Formation is best tested by comparing simulation results to the thickness of the upper member outside of the rift. There is only one complete stratigraphic section of the upper member located west of principal Rio Grande rift faults, at Cerro Pedernal ( Fig. 2 ). At this location the Abiquiu Formation is 412 m thick with 316 m of upper member present above the lower and Pedernal chert members, and is overlain by Tesuque Formation and Miocene basalt (Kelley 1978; Moore 2000) . Cerro Pedernal is about 150 km from the southeast caldera cluster of the San Juan Mountains volcanic field and the center of the Latir volcanic field, so flexuralload simulation results at these distances were compared to the rock thickness. Use of these distances in the stream-longitudinal-profile results is problematic because stream-profile distance must incorporate channel sinuosity, which is not known. A notable lack of point-bar lateral-accretion surfaces from all but about 35 m of the upper member (Smith 1995; Moore 2000) suggests low channel sinuosity. Therefore, the channel-profile simulation results over the reach 150-200 km from the headwater node were used in comparison to the thickness of the Cerro Pedernal section.
LONGPRO Simulations.-The results from the LONGPRO simulations suggest that the combined effects of increasing headwater elevation and sediment load can cause modest aggradation at distances in excess of 150 km from the headwaters (Fig. 6) . Assuming that the Cerro Pedernal locality is on the order of 150-200 stream kilometers from the headwaters, the adjustments in river profile are on the order of 60-100 m or less than a third of the thickness of volcaniclastic strata. Most of the upward adjustment in profile elevation is within 75 km of the headwaters. To simulate accumulation of the entire upper member at Cerro Pedernal using the selected hydraulic parameters would require raising headwater elevations by more than 1000 m, which we do not believe is justified by the regional geologic relationships.
We find this result interesting but acknowledge that it is not a particularly robust test of the hypothesis because of the simplifications of the model and the speculative choice of input parameters. Adjustment of modern streams to inundation by pyroclastic debris has included extreme complex responses of aggradation and downcutting (e.g., Smith 1987 Smith , 1991 , which may or may not induce long-term changes in longitudinal profile of the sort simulated by LONGPRO. For that reason, we suspect that the simulated bed-elevation changes are maximum values. A shallower deflection at this distance from the center of the load would result from application of a lower flexural rigidity. While acknowledging the uncertainty of some input parameters, we believe that they are reasonable and we are therefore confident of the implication that flexure may be an important mechanism for inducing subsidence to accommodate basin-filling sediment adjacent to volcanic fields and could account for much of the thickness of the upper member of the Abiquiu Formation at Cerro Pedernal. Of greater uncertainty is the validity of the continuous-plate flexure model where the Tusas Mountains fault block intervenes between the volcanic fields and the Abiquiu Formation outcrop belt. It is possible that deeply penetrating, frequently reactivated Proterozoic-Tertiary faults in the Tusas Mountains (Karlstrom et al. 1999; Smith in press) would inhibit transfer of load-induced stresses from the north and east to the Cerro Pedernal area.
The flexural-load results may explain the presence of nonvolcaniclastic strata in the lower Abiquiu Formation, which clearly cannot be explained by the overwhelming of streams by volcanic detritus. Stratigraphic relationships indicate that the basement-derived strata of the lower member and coeval Ritito Conglomerate south of the Tusas Mountains are temporally equivalent to San Juan-derived volcaniclastic rocks north of the Tusas Mountains (Fig. 3) . Growth of the San Juan volcanic field was underway at this time and flexural subsidence could have generated preservation space south of the Tusas Mountains. Because the Tusas Mountains served as a 
topographic barrier to southward transport of volcaniclastic debris from the San Juan volcanic field, this shallow, distal basin was filling instead with detritus eroded from the exposed basement rocks of the Tusas Mountains and Sierra Nacimiento. The lower and Pedernal chert members of the Abiquiu Formation are 96 m thick at Cerro Pedernal (Moore 2000) giving a total thickness of 412 m for the whole formation west of the rift-bounding faults. This thickness is comparable to the maximum simulated deflection (Table 1) .
Synthesis.-Computational simulations of the two hypothesized volcanism-driven aggradational mechanisms suggest that these mechanisms are sufficient to account for deposition of the upper member of the Abiquiu Formation west of the Rio Grande rift. Although simplifications in the models and uncertainty of input parameters preclude rigorous conclusion, we are satisfied with the order of magnitude of accumulation and preservation space that the model results suggest, and that they can be created under the hypothesized circumstances. Growth of volcanic fields induces flexural-load subsidence over a broad region adjacent to the magmatic region. Sediment is readily available to fill the resulting basin from the erosion of poorly consolidated volcaniclastic debris. Volcanic activity raises landscape elevation and lava flows and pyroclastic deposits fill proximal valleys, causing overall rise in the longitudinal profiles of streams, which is accommodated by downstream aggradation. The infilling of the flexurally produced basin widens the total load (Figs. 4, 5 ) and increases the area of subsidence by flexural compensation. Clearly, more realistic simulators and better-known input parameters are required for robust analysis, but these results suggest that aggradation of 300ϩ m of sediment at a distance on the order of 100-200 km from a volcanic source area is possible without tectonically induced basin subsidence. Flexural subsidence provides more space for sediment preservation than does regrading of stream profiles in response to large sediment loads.
TECTONIC-SUBSIDENCE-DRIVEN AGGRADATION?
Hypothesis
Regionally, there is substantial evidence for Oligocene initiation of subsidence in the Rio Grande rift. Stratigraphic and subsurface data indicate eastward tilting of the San Luis basin in southern Colorado beginning at about 26-28 Ma (Lipman and Mehnert 1975; Lipman 1983; Brister and Gries 1994) . Subsidence of the Española basin was possibly underway before 30 Ma (Smith 2000, in press ). Widespread basaltic volcanism in the Española basin and southern San Juan Mountains volcanic field beginning at 25-27 Ma is interpreted to reveal lithosphere extension (Baldridge et al. 1980; Chapin 1988) . The angular unconformity below upper Miocene basalt flows in the southwestern Abiquiu embayment (Fig. 2) suggests that basin subsidence and tilting of basin fill largely preceded the eruption of the basalts rather than being coeval with basaltic volcanism as inferred by Baldridge et al. (1994) . Therefore, it is reasonable to suggest that Oligocene initiation of rift-basin subsidence in the Abiquiu embayment played a role in preserving the volcaniclastic-sediment apron represented by the upper member of the Abiquiu Formation.
If rift-basin subsidence was underway during Abiquiu Formation deposition then there should be thickening of strata from the Colorado Plateau (e.g., at Cerro Pedernal) into the Abiquiu embayment and, possibly, eastward across intrabasinal faults (Fig. 2) . Because the top of the Abiquiu Formation is not preserved in most areas and the bottom is exposed only in western outcrops, it is not possible to document lateral thickness variations, if present, within the whole formation. Smith (1995) described three, lithostratigraphically distinct intervals within part of the upper Abiquiu Formation at Arroyo del Cobre (Fig. 2) , which are also characterized by distinct sandstone composition indicating varying provenance. Thickness of these internal intervals should vary across faults if subsidence occurred during deposition.
Methods
Stratigraphic sections were measured with a Brunton compass and jacob staff, lithofacies described, and samples obtained for petrographic and geochronologic analyses at six locations (Fig. 2) . The measured-section sites were selected to straddle the western margin of the Abiquiu embayment and the principal mapped intrabasinal faults (Kelley 1978; Moore 2000) across which Abiquiu Formation is exposed. Emphasis was placed on localities offering excellent outcrop exposure, although some sections have long covered intervals, especially at forested Cerro Pedernal. Closely spaced sections C and D form a nearly complete composite section within the same fault block, although each is partially covered.
Petrographic thin sections were prepared and point counted for 112 samples (data set in JSR's digital archives, see Acknowledgments). Data reported by Smith (1995) from 25 additional samples collected at section E were included in the data analysis. Densely cemented horizons were avoid- Nonfoliated polycrystalline nonvolcanic rock fragments ed and most samples are poorly consolidated fine-to medium-grained sandstone. Thin sections were stained to facilitate identification of feldspars, and 300 points were counted on each slide using the Gazzi-Dickinson method . Point-count categories (Table 2 ) were selected to be sensitive to the mixed provenance of the Abiquiu Formation. Undulose-extinction quartz, microcline, and orthoclase are derived from nonvolcanic sources in the remnant Laramide uplifts or from Eocene and older sedimentary strata. Alkali-rhyolite-derived detritus includes abundant straight-extinction quartz, sanidine, and felsite rock fragments that are indicative of erosion of volcanic materials of the Latir volcanic field (Ingersoll and Cavazza 1991) , because the dacitic tuffs of southeastern San Juan volcanic field contain very sparse sanidine and almost no quartz (Lipman 1975 Lipman et al. 1996) . Ingersoll et al. (1990) , Ingersoll and Cavazza (1991) , and Smith (1995) mostly attributed quartz-and sanidine-poor volcaniclastic sediment rich in plagioclase and intermediate-composition rock fragments to sources in the San Juan volcanic field. Such a unique designation is problematic, however, because intermediate volcanism also characterized the Latir volcanic field mostly before but also after eruption of the Amalia Tuff (Lipman 1983; Lipman and Reed 1989) .
Geochronological investigations were undertaken to corroborate stratigraphic correlations and provenance interpretations and to provide temporal control for tectonic activity suggested by stratigraphic-thickness variation. Eleven samples were analyzed by the 40 Ar/ 39 Ar method at the New Mexico Geochronology Research Laboratory. Sanidine crystals were separated from seven pumice and ignimbrite clasts in the upper member of the Abiquiu Formation. Two additional sanidine separates were prepared from samples of the distal outflow sheet of the Amalia Tuff (the tuff of Cañada del Agua of Manley and Wobus 1982b) in the southeastern Tusas Mountains. After irradiation, the isotopic ratios of 2-15 single sanidine crystals from each sample were analyzed following CO 2 laser fusion. Biotite and hornblende from four samples, three of which also contain sanidine, were analyzed by the resistance-furnace incremental heating method. Hornblende in two of these samples yielded disturbed spectra without age plateaus, and no ages were assigned to these hornblende separates. Separation and analytical methods are described in McIntosh and Chamberlin (1994) and data are available in McIntosh (2001) and summarized in Table 3 .
Results
Lithostratigraphic Correlation.-Three distinct stratigraphic intervals designated by Smith (1995) at Arroyo del Cobre (section E) are readily correlated throughout the Abiquiu embayment from Cañones (section B) northeastward to Sierra Negra (section F; Figs. 2, 8 ). These lithostratigraphic divisions are made on the basis of contrasting relative abundances of sharply erosional lenticular channel deposits and poorly stratified, tabular pumice-lapilli-rich beds. Interval I of Smith (1995) consists of lenticular, pebbly sandstone channel facies with intervening tabular, tuffaceous fine sandstone and siltstone. Pebbles are mostly vesicular basalt and andesite, rare quartzite, and conspicuous pebbles and cobbles of white, highly porphyritic hornblende-biotite quartz latite, which are also abundant in the Cordito Member of the Los Pinos Formation. Interval II is characterized by tabular, medium to thick bedded, massive to crudely stratified pumiceous sandstone with thin tuffaceous siltstone layers. The abundant pumice lapilli contain only quartz and sanidine characteristic of alkali-rhyolite ejecta from the Latir volcanic field (Lipman 1983; Ingersoll and Cavazza 1991) . The upper half of interval II contains clasts of densely welded Amalia Tuff as large as 80 cm across (Smith 1995) . Interval III consists of lenticular channel sandstone with basal-pebble-lag deposits interbedded with 1-3 m thick, thin-bedded fine sandstone and laminated mudstone and shale. In addition to pebbles of Amalia Tuff, interval III contains clasts of a distinctive orange, crystal-poor, lithic-rich, vapor-phase-lithified rhyolitic ignimbrite (Smith 1995) .
Moore (2000) recognized additional stratigraphic intervals. Exposures below interval I of Smith (1995) at Arroyo del Cobre (section E) include 35 m of tabular and pumiceous strata without an exposed base. To maintain coherence with the terminology of Smith (1995) , these strata are labeled as interval sub-I. Notably, the tabular, pumiceous beds of sub-I are not recognized at sections B and D, where the base of the upper member is exposed (Fig. 8) . At Barranca (section D), interval III strata are overlain by interval IV, consisting of poorly sorted, tabular, pumiceous strata grading upward into pumice-rich strata with a greater abundance of lenticular channel-fill pebbly sandstone. Interval IV is also recognized at Cañones (section B) and Sierra Negra (section F). The upper parts of interval III and interval IV contain a variety of crystal-rich to crystal-poor, commonly biotite-bearing rhyolite-ignimbrite clasts with subordinate fragments of Amalia Tuff. consideration of compositional parameters for correlation. If intervals are compositionally distinct, as suggested by Smith (1995) , then these intervals can be defined at Cerro Pedernal from petrographic data in the absence of sufficient exposure for direct correlation from measured-section descriptions.
The sandstone composition of intervals I-III are very distinct at Arroyo del Cobre (Smith 1995) , but these distinctions are not as apparent when data from other sections in the Abiquiu embayment are included (Fig. 9) . Although the lower abundance of sanidine and straight-extinction quartz in interval I and greater abundance of sanidine and generally less volcanic glass in interval III are characteristic of all sections, compositional fields overlap considerably (Fig. 9) . Discriminant analysis, utilized by Ingersoll (1990) and Ingersoll and Cavazza (1991) to distinguish provenance in northern New Mexico, fails to distinguish the stratigraphic intervals. The along-strike changes in sandstone composition suggest laterally varying provenance. The strong inverse relationship between nonvolcanic potassium feldspar and straight-extinction quartz (Fig. 9A) suggests that most straight-extinction quartz is volcanic. Generally greater amounts of nonvolcanic feldspar and lesser straight-extinction quartz in sections east and west of Arroyo del Cobre may reflect greater tributary input from basement rocks exposed in the southeastern Tusas Mountains and Sierra Nacimiento, respectively, which could account for most, if not all, of the lateral compositional variability. Overall, basement-rock contributions appear to decrease upsection (Fig. 9A) . Although compositional characteristics of intervals overlap considerably, the general compositional traits remain apparent in the combined data from Abiquiu embayment sites (Fig. 10) : intervals II and IV contain the most glassy volcanic detritus; interval III contains the most sanidine whereas intervals sub I and I contain the least; interval I contains the most nonvolcanic feldspar and intermediate-composition-volcanic-lithic fragments.
Because of lateral compositional variation, the petrographic characteristics of the Cerro Pedernal section are compared to the next closest section at Cañones (section B) rather than to all of the Abiquiu embayment data (Fig. 11) . Notably, cobbles of Amalia Tuff and other rhyolitic ignimbrites are found in the lowest exposures of the upper member at Cerro Pedernal. This is consistent with the abundance of sanidine in low exposures at Cerro Pedernal, which is higher than interval I at any section (Fig. 10A) and also generally greater than interval II at Cañones (Fig. 11B) . Although the Cerro Pedernal section in general is impoverished in glassy lithic fragments compared to Cañones, it is most similar to intervals III and IV (Fig. 11) . Fig. 2 ) to other localities in the Abiquiu embayment. Although each interval is compositionally distinct at Arroyo del Cobre (Smith 1995) these distinctions are less apparent within the larger data set. A) The generally inverse relationship between the proportion of microcline and orthoclase to total feldspar and the proportion of quartz with straight, nonundulose extinction suggests that most straight-extinction quartz is of volcanic origin and that basement-rock contributions decrease up section. The proportion of basement-derived grains is more variable and generally greater at sections in the eastern and western embayment, which are closer to Precambrian outcrops, than in the central embayment at Arroyo del Cobre. B) Sanidine and volcanic-glass grains vary in abundance and allow for clear distinction of intervals I-III at Arroyo del Cobre. The greater abundance of basement-derived feldspars at other localities leads to generally lower sanidine/F tot than at Arroyo del Cobre.
FIG. 10.-Histograms summarizing sandstone-compositional characteristics of stratigraphic intervals in the upper member of the Abiquiu Formation and comparison with the Cerro Pedernal section. Although composition ranges significantly within intervals, intervals II and IV are notable for generally higher abundance of volcanic-glass grains; interval III is notable for generally greater sanidine and intervals sub-I and I contain generally more nonvolcanic feldspar and more andesitic rock fragments. Cerro Pedernal samples are most like intervals II-IV (see Fig. 11 ).
hornblende age spectrum yielded a plateau age with 91.5% of the 39 Ar released, and that was consistent with ages obtained for biotite and sanidine extracted from the same sample.
Sanidine ages are interpreted to be most reliable for two reasons. First, the single-crystal laser-fusion method permits exclusion of contaminant and xenocrystic crystals and those with disturbed argon systematics, whereas such hornblende and biotite crystals cannot be excluded from the multicrystal separates used in the resistance-furnace incremental-heating method. Second, hydrous minerals are not stable in the ultra-high vacuum extraction system and can cause flat age spectra for biotite and hornblende separates when the actual argon distribution is much more complicated.
Ages of samples collected in the lower half of the upper member all fall in the narrow range between about 27 Ma and 24 Ma (Fig. 8, Table 4 ). For the most part, ages are progressively younger upsection, suggesting redeposition of pyroclastic detritus soon after eruption (Fig. 12) . All dates are younger than the ignimbrites erupted in the southeastern San Juan volcanic field (Lipman et al. 1996) . Smith (1995) interpreted the massive beds of interval II to record widespread redeposition of readily eroded Amalia Tuff ignimbrite as debris flows, which is consistent with the first appearance of Amalia Tuff clasts in this interval. An age of 24.97 Ϯ 0.11 Ma for single-crystal chatoyant sanidine separated from one of these clasts is indistinguishable from the (Fig. 9 ) sandstone-composition parameters for Cerro Pedernal and Cañones, the closest locality to Cerro Pedernal within the Abiquiu embayment. Two samples low in the Cerro Pedernal section (at 0 and 32 m above the base of the upper member) have low nonvolcanic feldspar and quartz contents comparable to interval I at Cañones, but intervening samples (at 18 and 23 m) are unlike interval I. Sanidine is also more abundant at the base of the Cerro Pedernal section than in interval I at Cañones, and nearly all samples from Cerro Pedernal contain a greater proportion of sanidine to total feldspar than in interval II at Cañones. These data suggest correlation of the Cerro Pedernal section to intervals III and IV, possibly in part to interval II, but not at all to interval I at Cañones.
25.01 Ϯ 0.18 Ma age for pumice lapilli near the base of interval II. Because these dates are slightly younger than the 25.5 Ϯ 0.1 and 25.7 Ϯ 0.1 Ma 40 Ar/ 39 Ar ages for a multiple-crystal sanidine separate from the Amalia Tuff reported by Czamanske et al. (1990) we undertook single-crystal sanidine analyses of two samples from this tuff in the Tusas Mountains and obtained results of 25.06 Ϯ 0.07 and 25.10 Ϯ 0.07 Ma (Table 3) . We prefer these results to those of Czamanske et al. (1990) because bulk mineral separates can include xenocrysts that skew results to an older age. Our new results for the Amalia Tuff support the correlation of pumiceous interval II to the time of eruption of the ignimbrite (Fig. 12) . Two of three ages obtained for pumice in interval I are older than the Amalia Tuff as expected. The one disparate, younger age of 24.42 Ϯ 0.18 Ma in interval I is for a biotite separate, which is not considered as reliable as the highprecision sanidine age determinations. The single-crystal sanidine age of 25.28 Ϯ 0.08 Ma from low in interval I in section C is probably the best estimate of the age of deposition of this interval (Fig. 12) . Intervals III and IV contain dated pumice and tuff clasts derived from post-Amalia Tuff ignimbrites with ages between 24 Ma and 25 Ma.
Synthesis.-The upper member of the Abiquiu Formation is divided into correlative intervals on the basis of facies character and, secondarily, by conglomerate-clast and sandstone composition. These correlations demonstrate stratal thickening across faults within and at the western margin of the Abiquiu embayment (Fig. 8) . Intervals sub-I and I are clearly absent at Cerro Pedernal, and the presence of interval II cannot be conclusively demonstrated. Interval I is present at the next section to the northeast (Cañones, section B, Fig. 8) , and the post-interval I section at Cañones is more than 400 m thick, compared to a total upper member thickness of 316 m at Cerro Pedernal. Interval sub-I is recognized only at Arroyo del Cobre and is not present at sections in fault blocks farther west. Even if one argued that interval sub-I is not well defined because of its presence in only one section, the pre-interval II section is only 27 m thick at Cañones compared to Ͼ 46 m at Barranca and Ͼ 75 m at Arroyo del Cobre. Interval II is close to the same thickness throughout the Abiquiu embayment. Interval III is about 40-50 m thick at sections between the Gonzales and Garcia faults but is 75 m thick farther east at Sierra Negra. These thickness variations imply down-to-the-east motion on the Gonzales, Cañones, and Garcia faults during deposition of the upper member of the Abiquiu Formation. The lack of thickness variability within interval II may reflect its rapid deposition across the entire area immediately following eruption of the Amalia Tuff rather than a significant hiatus in fault motion.
Stratigraphic relationships in the lower and Pedernal chert members also imply syndepositional faulting (Fig. 8) . The combined thickness of these members is 108 m at Cerro Pedernal but increases abruptly to 162 m at Cañones. The Abiquiu Formation rests upon Eocene El Rito Formation at both sections with no evidence of a significant erosional disconformity to account for local thickness changes of this magnitude. The base of the lower member is not exposed east of the Cañones fault, so further basinward thickening cannot be unequivocally demonstrated. The origin of the calcareous, chalcedony-cemented layers of the Pedernal chert member is not clear, but pedogenic processes are consistent with geochemical profiles comparable to a soil-weathering profile (Vazzana 1980 ) and the petrographic similarity of the Pedernal chert horizons (Moore 2000) with silicified calcrete in Kuwait (Khalaf 1988) . If this paleosols interpretation is true, then the isolation of the Pedernal chert member in locations west of the Cañones fault may record pedogenesis during limited deposition west of the Abiquiu embayment contemporaneous with largely rift-restricted sedimentation east of the Cañones fault.
Geochronological data provide insights into the timing of faulting, but the lack of dateable horizons in the lower member does not permit determination of the earliest deformation. At least 75 m of section at Arroyo del Cobre, below interval II, is not represented at Cerro Pedernal, suggesting at least 75 m of differential subsidence across the intervening faults during deposition of intervals sub-I and I. At least 40 m of this displacement is estimated to have occurred between 25.28 Ϯ 0.08 Ma, the best available date for interval I, and 25.08 Ϯ 0.08 Ma, the average of two ages obtained for the Amalia Tuff. Thickening of the lower member between Cerro Pedernal and Cañones implies earlier motion of the Gonzales fault. The age of the lower member can be only broadly determined, however. Regional stratigraphic relations (Fig. 3) imply that the lower member and correlative Ritito Conglomerate are equivalent to volcanic and volcaniclastic rocks north of the Tusas Mountains as old as 30-35 Ma. However, the presence of an altered basalt flow low in the Ritito Conglomerate on the south flank of the Tusas Mountains (Smith 1938; Bingler 1968) suggests an age Յ 27 Ma because no K-Ar dates on basalts in the region are older than 27 Ma (Baldridge et al. 1980; May 1980) . These indirect age inferences are consistent with initial faulting along the western margin of the Abiquiu embayment more or less coincident with the initial tilting of the San Luis basin in southern Colorado between 28 and 27 Ma (Lipman and Mehnert 1975) .
The volcaniclastic component of the Abiquiu Formation is overwhelmingly, if not entirely, derived from the Latir volcanic field, corroborating correlations of Bingler (1968) and Manley (1981) to the Cordito Member of the Los Pinos Formation (Fig. 3) . Suggestions that nearly all (Smith 1938; Ingersoll and Cavazza 1991; Ingersoll et al. 1990) or the lower part (Smith 1995) of the upper member could correlate to the San Juan-derived Esquibel Member of the Los Pinos Formation are contradicted by two observations. First, sanidine, while not abundant, constitutes as much as 10% of total feldspar in interval sub-I and 40% in interval I samples and is inconsistent with the rarity of sanidine among tuff and lava erupted in the southeastern San Juan volcanic field (Lipman 1975 . Second, all 40 Ar/ 39 Ar dates on pumice lapilli and tuff clasts, including those from interval I, post-date explosive eruptive activity in the southeastern San Juan Mountains and coincide with the time of known volcanism in the Latir volcanic field (Lipman 1983; Johnson et al. 1989) . The abundance of intermediate-composition volcanic detritus in the lower part of the upper member (Fig. 9 ) more likely represents erosion from pre-Amalia Tuff lava flows in the Latir volcanic field (Lipman 1983; Lipman and Reed 1989) than from the San Juan volcanic field (cf., Ingersoll and Cavazza 1991; Smith 1995) . These relationships imply that remnant Laramide topography in the southern Tusas Mountains was a barrier to the delivery of volcaniclastic detritus into the Abiquiu embayment until shortly before eruption of the Amalia Tuff. Erosion of pyroclastic debris from the Amalia Tuff and later ignimbrites erupted in the Latir field led to deposition of a widespread volcaniclastic apron that buried most of the southern Tusas Mountains, inundated the Abiquiu embayment, and was also deposited across most or all of the Sierra Nacimiento. This widespread dispersal of mostly rhyolitic volcaniclastic detritus to bury preexisting Laramide uplifts is reflected not only by erosional remnants of the volcaniclastic succession atop both Laramide mountain ranges (Fig. 1) but also the upward decrease in basement-derived detritus in the upper Abiquiu Formation (Figs. 9, 10 ).
INTEGRATED CONCLUSIONS
Both competing hypotheses for the roles of volcanism and rift-basin subsidence in accounting for Oligocene-early Miocene sedimentation in the Abiquiu embayment region pass crucial tests. Lateral correlation of stratigraphy within the Abiquiu Formation demonstrates syndepositional thickening across mapped faults into the Rio Grande rift within the same time frame as has been suggested for regional initiation of extension by other workers. Notably, this subsidence is remote from active volcanic centers where local strain might be argued (cf. Large and Ingersoll 1997) . Rift subsidence was insufficient, however, to contain volcaniclastic aprons, particularly from the Latir volcanic field, which extended beyond the incipient rift basins and buried remnant topographic highs remaining from the Laramide orogeny. Aggradation beyond the demonstrated extent of subsidence along rift-related faults implies that volcanism-driven deposition occurred. Overlap of the basin-bounding faults by volcaniclastic debris permits application of stratigraphic analysis to detect syndepositional faulting, and the volcanogenic material permits acquisition of geochronological data to constrain the time of faulting.
First-order computational simulations, though admittedly simplified and not well conditioned by input data, suggest that one or more consequences of volcanic activity are capable of explaining the deposition of the Abiquiu Formation beyond incipient subsiding rift basins and may have enhanced deposition within the basins. Although speculative, increasing headwater elevations and synvolcanic sediment loads may account for some component of upper Abiquiu deposition, but the simulations do not support accumulation of the total thickness of strata that are preserved (cf. Ingersoll et al. 1990 ). We suggest that regional flexural compensation of the mass of growing volcanic fields may be the most reasonable explanation for widespread deposition and preservation of the Abiquiu Formation beyond the nascent rift by producing a broad, shallow circumferential trough within which sediment accumulated. We cannot rule out the possibility that activation of steep faults at this time was partly caused by this load rather than entirely by tensional stress.
Flexural subsidence may account for widespread deposition of the lower and Pedernal chert members of the Abiquiu Formation despite the paucity of volcanic detritus in these strata. The flexural moat of the San Juan volcanic field is postulated to have extended more than 200 km to the south. Detritus eroded from the volcanic field did not come into the Abiquiu embayment-Sierra Nacimiento area, however, because of the intervening barrier of the Tusas Mountains. Instead, the distal flexural moat was filled with sediment eroded from Precambrian-rock highlands until the Latir volcaniclastic apron surmounted the Tusas Mountains barrier (Fig. 3) , whereupon debris eroded from the Amalia Tuff and younger ignimbrites was spread across the Tusas Mountains, Abiquiu embayment, Colorado Plateau, and Sierra Nacimiento.
This study of the Abiquiu Formation illustrates that volcaniclastic strata provide important insights into paleotectonic reconstructions. Abrupt changes in facies character, sediment composition, or both permit definition of stratigraphic intervals that can be correlated widely and used to examine evidence for syndepositional faulting and basin subsidence. Volcanism may indirectly cause sedimentation independently of regional basin tectonics. The volcanism-related mechanisms examined by us to account for accommodation of modest thickness of sedimentary strata require more refinement and testing but should not be ruled out when evaluating the stratigraphy of basins that include volcaniclastic-sediment fill.
